Using a variational approach, we have calculated the impurity position dependence of the photoionization cross-section and the binding energy of a hydrogenic donor impurity in a quantum well wire in the presence of the magnetic field as a function of the photon energy. Our calculations have revealed the dependence of the photoionization cross-section and the impurity binding on the applied magnetic field, the size of the wire and the impurity position.
Introduction
The photoionization cross-section plays an important role in the characterization of impurities in semiconductors. Lax [1] first investigated the photoionization cross-section of hydrogenic impurities in bulk semiconductors. In recent years, work has been done on the photoionization crosssection of hydrogenic impurities in dimensionally reduced structures such as quantum wells, wires and quantum dots [2] [3] [4] [5] [6] [7] [8] [9] [10] . It has been found that greater the confinement in such low-dimensional structures, greater the binding energy of these hydrogenic impurities. Therefore, it is expected that the physical properties, such as the optical characteristics of hydrogenic impurities, will be more pronounced in low-dimensional structures.
Takikawa et al [2] have theoretically and experimentally examined the photoionization cross-section associated with a transition from a deep trap to sub-bands. El-Said and Tomak [3, 4] have investigated the photon energy dependence of the photoionization crosssection of hydrogenic impurities using the infinite barrier model. They found out that the photoionization crosssection depended upon the polarization of the incident light relative to the direction of the carrier confinement. Ilaiwi and El-Said [5] extended these calculations using the finite barrier model. Jayam and Navaneethakrishnan [6] have calculated the photoionization cross-section of donor impurities in quantum wells in an electric field. Recently Sali et al [7, 8] have investigated the photoionization cross-section of impurities in quantum-well wires and quantum dots. Recently, Sali et al [9] have investigated the influence of a strong magnetic field on the ground state binding and photon energy dependence of the photoionization cross-section of a shallow donor impurity in a quasi-one-dimensional rectangular quantum wire with infinite and finite potential barriers using a variational approach. In more recent work, the photoionization cross-section of hydrogenic impurities in cylindrical quantum wires has been calculated by Ham and Lee [10] using an infinite well model. They have found that the peak value increases initially with increasing wire size, reaching a maximum value, and then decreases with a further increase in wire size because the binding energy increases with decreasing wire radius.
In this paper, we report a calculation of the photoionization cross-section and the binding energy of a shallow hydrogenic impurity in a quantum-well wire in a magnetic field as a function of the size of the wire and the position of the impurity, for incident light polarized along the axis of the wire.
Theory
For shallow impurities in low-dimensional structures, the photoionization process is described as an optical transition that takes place from the impurity ground state as the initial state to the conduction sub-bands. The excitation energy dependence of the photoionization cross-section associated with an impurity, starting from Fermi's golden rule in the wellknown dipole approximation, as in the bulk case is [1, 8] 
where n r is the refractive index of the semiconductor, ε the dielectric constant of the medium, α FS = e 
structure constant andhω the photon energy. ξ eff /ξ 0 is the ratio of the effective electric field, ξ eff , of the incoming photon to the average field, ξ 0 , in the medium [11] . ψ i | r|ψ f is the matrix element between the initial and final states of the dipole moment of the impurity.
The problem we are interested in is a system consisting of a square quantum-well wire of GaAs surrounded by Ga 1−x Al x As with a donor impurity placed at the position r i = (0, 0, z i ) (figure 1). In the effective mass approximation, by choosing the Landau gauge for the magnetic vector potential A = (0, −Bz, 0), the Hamiltonian describing the interaction of an electron with a hydrogenic impurity placed in a quantum-well wire, and in the presence of a magnetic field applied in the x-direction, may be written as
where H x and H z is the one-dimensional Hamiltonian for the electron in the x-and z-directions, respectively:
The quantity ε 0 is the dielectric constant of the system, m * is the effective mass, e is the elementary charge and V (x) and V (z) are the confinement potentials for the electron in the x-and z-directions, respectively. The electron confining potential, V (x), is taken as
with V 0 being the discontinuity in the conduction band edge and L x the well width. A similar function is used for V (z).
We consider only the case where
The investigation of the photoionization cross-section first needs to know the envelope functions of the initial ground state and the final state. In order to get the binding energy, we follow a variational method and we take the following trial wave function, which satisfies the Hamiltonian equation (2):
where the wave function in the y-direction, φ(y, λ), is chosen to be the Gaussian-type orbital function [12] [13] [14] 
in which λ is the variational parameter. With the choice of φ(y, λ), the degrees of freedom are limited to one dimension along the axis of the wire. 
where E x and E z are the lowest donor electron sub-band energies in the x-and z-drections, respectively. Because the electron motion along the y-axis is free, without the impurity potential the eigenstates associated with the Hamiltonian (2) of an electron emitted to the sub-bands n x , n z relative to the x-and z-directions of the quantum-well wire are given by
where L y is the length of the wire and k y is the onedimensional wave vector of the electron along the axis of the wire. χ nx (x) and χ nz (z) are chosen to be solutions of the one-dimensional Hamiltonian for the electron in the x-and z-directions, respectively. The final state energy corresponding to the wave function equation (8) is
For incident light polarized along the axis of the wire, the y-direction, the transition to the first sub-bands n x = 1, n z = 1 is dipole allowed. Thus in that case, χ nx (x) and χ nz (z) are taken to be the same as in the initial ground state, i.e. the first sub-band wave functions relative to the x-and z-directions of the wire, respectively. The photoionization cross-section for incident light polarized along the axis of the wire is given by 
Results and discussion
The values of the physical parameters used in our calculations are m * = 0.067m 0 (m 0 is the free electron mass), ξ eff /ξ 0 = 1, ε 0 = 13.1 (the static dielectric constant is assumed to be same everywhere), V 0 = 228 meV and we have assumed the conduction band discontinuity to be 56% of the total band gap difference between GaAs and Ga 1−x Al x As, E g = 1.424. These parameters are suitable in GaAs/Ga 1−x Al x As heterostructures with an Al concentration of x ∼ = 0.3 [15, 16] . Figure 2 shows the results we have obtained for the photoionization cross-section as a function of the normalized photon energy,hω/E S , for different values of the wire dimensions when the impurity is placed at the centre of the quantum-well wire (x i = y i = z i = 0) and the magnetic field is taken to be B = 0. As the size of the wire reduces, the optical photoionization threshold energy increases, and as a consequence, the magnitude of the cross-section decreases and the peak position of the cross-section is shifted towards the higher photon energies. Because as the size of the wire decreases the geometric confinement of the donor electron increases, the probability of finding the electron around the impurity increases, and this behaviour gives an increment in the donor binding energy. The wire size dependence of the photoionization cross-section is in agreement with those given by Sali et al [7, 8] .
In figure 3 , we present the influence of an applied magnetic field on the photoionization cross-section. The photoionization cross-section is given as a function of the normalized photon energy for L = 500 Å, z i = 0 and at different values of the magnetic field. The figure clearly shows the reduction of the photoionization peak as the magnetic field strength increases. The reason for this behaviour is that increasing the magnetic field strength enhances the binding energy of the confined donor electron due to an additional parabolic magnetic confinement term. Also as seen in this figure, as the magnetic field increases the peak position of the cross-section moves to the higher photon energies.
The explicit dependence of the photoionization crosssection on the impurity position is given in figure 4 . In this figure, we show the variation of the photoionization crosssection as a function of the normalized photon energy,hω/E S , in the quantum-well wire with L x = L z = 500 Å for several magnetic field values and z i = L z /2. It can be observed in figure 4 that the variation of the photoionization crosssection with the magnetic field is quite different for impurity position z i = L z /2. In contrast to the results obtained for z i = 0, it can be observed from figure 4 that for the donor impurity located at z i = L z /2 the magnitude of the photoionizaton cross-section increases as the magnetic field increases. It is known that in the presence of the magnetic field, the electron displaced towards the centre of the structure. Thus, the expectation value of the electron separation from the impurity increases due to the action of the magnetic field when the donor is placed far apart from the centre of the structure. Therefore, for an impurity placed at z i = L z /2 as the magnetic field increases, the binding energy decreases because the probability of finding the electron around the impurity is reduced. In order to show this behaviour more clearly, the variation of the binding energy as a function of the normalized impurity position (z i /L z ) for different values of the magnetic field is given figure 5 . The results show the expected enhancement in the binding energies induced by the magnetic field being more pronounced in the regions where the electron distribution is more localized. This behaviour is in qualitative agreement with results of the shallow donors in quantum wells [17, 18] . We conclude that by changing the impurity position, a large spread in donor binding energy and photoionizaton cross-section may be obtained.
In summary, we have investigated mainly the effect of the wire dimensions, the impurity position and the applied magnetic field on the photoionizaton cross-section and the impurity binding energy. We have found that the photoionization cross-section depends strongly on the strength of the external magnetic field and the size of the wire. We conclude that in the presence of the magnetic field, the photoionization cross-section and the donor binding energy may be increased or decreased as a function of the impurity position in the quantum wire. The results obtained were observed to agree qualitatively with other calculations. We obtain, as a general feature, that for quantum-well wires, the impurity position and the applied external magnetic field produce an important effect on the electronic and optical properties.
